GTP-loaded Ras induces multiple signaling pathways by binding to its numerous effectors such as Raf and PI3K. Ras activity can be influenced by activation of Ras-GEFs that stimulate GDP release and GTP loading or by inhibition of Ras-GAPs that stimulate GTP hydrolysis. Here, we report that monoubiquitination of Lys 147 within the G domain of wild-type K-Ras, the Ras gene most frequently mutated in cancer, leads to enhanced GTP loading. Furthermore, ubiquitination increases the ability of the oncogenic Gly-12-Val mutant of K-Ras to bind the downstream effectors PI3K and Raf. These results indicate that monoubiquitination both enhances GTP loading on K-Ras and increases its affinity for specific downstream effectors, providing a previously unidentified mechanism for Ras activation.
INTRODUCTION
The most frequently mutated oncogenes in the deadliest cancers responsible for human mortality are KRAS, PIK3CA and BRAF. Importantly the signaling enzymes encoded by PIK3CA and BRAF are, in part, regulated by direct binding to activated forms of the Ras proteins suggesting that dysregulation of this key step in signaling is critical for tumor formation. Ras acts as a molecular switch that is activated upon GTP loading and deactivated upon hydrolysis of GTP to GDP. This switch mechanism is common to a wide variety of GTP-binding proteins and is mediated by a conserved structure called the Gdomain that consists of five conserved G boxes. Under physiological conditions, the rate of GDP or GTP release from the G-domain is slow. As a consequence the GDP produced by GTP hydrolysis on Ras is trapped and the bulk of cellular Ras accumulates in the GDPbound 'off' state, despite the high GTP/GDP ratio in the cytosol (1) (2) (3) . Growth factors can turn on Ras by activating Guanine nucleotide Exchange Factors (GEFs) or by inhibiting the GTPase Activating Proteins (GAPs) or by both mechanisms. RasGEFs bind to Ras and lower the transition energy for the nucleotide exchange of the bound GDP for the more abundant cytosolic GTP, whereas RasGAPs bind to Ras and catalyze GTP hydrolysis. The most prevalent oncogenic mutations in Ras (Gly 12 and Gly 13 in the G1 box, and Gln 61 in the G3 box) preserve the GTP bound state by inhibiting intrinsic GTPase activity and by interfering with the ability of GAPs. Other less frequently observed mutations, such as those found in the G4 and G5 boxes, increase the rate of nucleotide exchange, thereby mimicking the GEFs and increasing the GTP-bound state (1-7).
Activated Ras controls diverse signaling pathways that ultimately determine Ras-induced cellular responses such as cell proliferation, survival, differentiation and motility. These multiple Ras functions depend on its binding to a range of functionally diverse effector molecules such as Raf, PI3K, AF6 and RASSFs (1) . The enhancement of specific effector pathways plays a critical role in maintaining an appropriate biological response (8) . The specificity in Ras-induced signaling is primarily determined by the balance between Ras affinity for each of its effectors and the local concentrations of those effectors. In addition, scaffold proteins have been shown to guide activation of specific effector pathway(s). For example, SHOC2/Sur-8 bridges Ras and Raf to specifically enhance the Raf/MEK/ERK pathway without enhancing PI3K/AKT signaling (9, 10) .
Recently, ubiquitination of Ras has been shown to control Ras protein levels and subcellular localization. The endosomal E3-ligase, Rabex5/RabGEF1 promotes mono-and diubiquitination of H-Ras and N-Ras, leading to endosomal Ras anchoring (11, 12) . The F-box protein β−TrCP mediates poly-ubiquitination of all Ras isoforms, leading to a proteasomedependent degradation of Ras (13) . Ubiquitination, like phosphorylation, is a dynamic modification and could potentially change the conformation and activity of the target proteins. However, these previous studies did not address the predominant sites of ubiquitination or the possibility that ubiquitination at specific sites could affect the activation state of Ras.
To better understand Ras signaling, we examined the possibility that ubiquitination of Ras could affect its nucleotide-binding state and its interactions with downstream effectors. Here, we used a mass-spectrometry based approach to identify Ras ubiquitination sites and examined the function of site-specific ubiquitination on Ras. We discovered two surprising consequences of monoubiquitination: an increase in the fraction of GTP-bound Ras and selective enhancement of Ras binding to specific effectors.
RESULTS

Tandem mass spectrometry analysis of K-Ras and H-Ras identified Lys 147 as one of the major ubiquitination sites
To examine whether endogenous K-Ras and H-Ras are ubiquitinated, His-tagged ubiquitin was expressed in HEK293T cells and purified by metal ion affinity chromatography. The expression level of His-ubiquitin was comparable to that of endogenous ubiquitin (Fig.1A left). We found that endogenous K-Ras and H-Ras underwent mono-ubiquitination in HEK293T cells. Di-ubiquitinated Ras was also detected but the amount was less than the mono-ubiquitinated form (Fig.1A right) . To investigate whether Ras ubiquitination is modulated by Ras downstream signaling, the T35A-K-Ras mutant that impairs GTPmediated switch transition and effector binding ( fig. S1A) (14) was expressed in HEK293T cells. T35A-K-Ras underwent ubiquitination at a similar level to WT-K-Ras ( fig. S1B ), suggesting that K-Ras ubiquitination occurs independently of its activity.
We utilized an unbiased mass spectrometry-based approach to identify ubiquitination sites of Ras. His-tagged ubiquitin and Flag-tagged K-Ras4B (K-Ras hereafter) were expressed in HEK293T cells at levels similar to endogenous K-Ras (Fig. 1B) and subjected to sequential affinity chromatography. His-ubiquitinated proteins were purified by Co 2+ metal affinity chromatography in 8M urea denaturing conditions. His-ubiquitinated K-Ras was subsequently purified with anti-Flag resin. Following purification, mono-and diubiquitinated K-Ras appeared to be the major ubiquitination forms, which is consistent with the endogenous K-Ras ubiquitination pattern (Fig. 1, A and B) . H-Ras ubiquitination sites were also determined by the same approach. Tandem mass spectrometric analysis of tryptic fragments from the bands migrating at the positions expected for mono-and di-ubiquitinated Ras revealed ubiquitination at Lys residues 104 and 147 of K-Ras, and Lys residues 117, 147 and 170 for H-Ras ( fig. S1C ). The tryptic peptide with ubiquitination at Lys 147 (K147) was the most frequently observed peptide for both K-Ras and H-Ras, while Lys 117 appeared as a secondary major ubiquitination site in H-Ras.
Mass spectrometry analysis detected Lys 48 -linked ubiquitin-linkage in the di-ubiquitinated forms of both K-Ras and H-Ras indicating that at least some of the di-ubiquitinated Ras is due to tandem modification. However, we could not rule out the possibility that some of the di-ubiquitinated Ras consisted of two separate mono-ubiquitinations at different lysine residues on Ras, and that there could be other ubiquitin linkage, such as Lys 63 -linked ubiquitin, which was not detected by current mass spectrometry sensitivity. It is worth noting that Lys 48 -linked proteasome-dependent degradation needs at least four ubiquitin moieties to be recognized by the proteasome (15, 16) .
Ubiquitination of Lys 147 , a conserved lysine in the G5 box, increases the fraction of GTPbound Ras
Interestingly, two major ubiquitination sites, Lys 117 and Lys 147 , are conserved in the G4 and G5 boxes, respectively and are critical for the tight binding of Ras to GDP or GTP (2-7) (Fig. 1, C and D) . Oncogenic mutations at these sites, namely K117R and K117N, have been found in human cancers. These mutations reduce the binding affinity for GTP and GDP which, in turn increases the GTP-bound form as the cellular concentration of GTP is generally much higher than that of GDP (5, 6, 17) . Other activating mutations in the Ras-G5 domain, A146T and A146V, which are proximal to the identified ubiquitination site, Lys 147 , have also been found in human cancers. Similar to the K117R/N mutation, Ala 146 Ras mutants result in an increase of the GTP-form (4, 7, (17) (18) (19) (20) . Importantly, as a part of the "SAK" motif in the G5-box, the long aliphatic side chain of Lys 147 stabilizes the binding of Ras to the guanine moiety of the nucleotide (21, 22) . This suggests that Lys 147 itself is critical for stabilizing GDP binding to inactive Ras and that either a modification of Lys 147 or amino acid substitution at this position could allow spontaneous GDP/GTP exchange in the absence of a GEF.
To examine this possibility, we employed a pull-down assay using the Ras binding domain (RBD) from amino acids 1-149 of human Raf1 kinase fused to GST, which preferentially binds to GTP-loaded Ras (23) . Strikingly, mutation of Lys 147 to alanine or arginine resulted in increased Ras binding to the RBD (Fig. 1E) . The activation levels of K147A and K147R were different, suggesting that the increased activation is not due to lack of ubiquitination at Lys 147 , but is due to the relative effects of these two substitutions on the conformation of the G5 box. These results are consistent with the model stated above and raise the possibility that a post-translational modification of Lys-147, could either further stabilize GDP binding and prevent Ras activation, or could have a similar effect to the amino acid substitutions and allow spontaneous GDP release in the absence of a GEF.
To examine the effect of ubiquitination on GTP loading, we purified wild-type K-Ras, oncogenic G12V-K-Ras mutant or the ubiquitinated subfraction of wild-type K-Ras from 32 P-orthophosphate labeled cells and utilized thin layer chromatography (TLC) and high performance liquid chromatography (HPLC) to assess the ratio of 32 P-GTP to 32 P-GDP that co-purified with each form of K-Ras. As expected based on previous studies, wild-type K-Ras bound primarily 32 P-GDP, while G12V-Ras bound 32 P-GTP (Fig.2, A and B) . Interestingly, the ubiquitinated subfraction of wild-type K-Ras retained a significant amount of 32 P-GTP. These results are consistent with a model in which ubiquitination of Lys 147 (or Lys 117 ), destabilizes GDP binding, allowing spontaneous GDP/GTP exchange. It could be argued that GTP loading occurs prior to ubiquitination and that the GTP bound form of KRas, via interaction with effectors, is preferentially mono-ubiquitinated via a feedback mechanism. While it is difficult to eliminate this possibility, it is unlikely since, as shown in fig. S1B , the T35 mutant of K-Ras, which fails to interact with downstream effectors (fig. S1B) undergoes comparable monobuiquitination to wild type Ras. These results, along with the crystal structure, support a model in which mono-ubiquitination at a Lys residue directly involved in GDP binding either enhances nucleotide exchange on K-Ras, impairs GTP hydrolysis, or both.
To corroborate this finding, we measure the activity of Ras by the GST-RBD pull-down assay. To ensure that ubiquitinated Ras was being detected, the protein pulled down by GST-RBD was subjected to a second affinity purification on a cobalt column to purify the Flag-His-tagged K-Ras. As predicted, only a very small fraction of wild-type K-Ras was pulled down by the GST-RBD ( Fig. 2C and fig. S1D ), consistent with very little wild-type K-Ras being in the GTP state under these conditions (Fig.2, A and B ). However, a much greater fraction of the ubiquitinated-K-Ras was pulled down by the GST-RBD ( Fig. 2C and  fig. S1D ). These results are consistent with a greater fraction of ubiquitinated K-Ras being in the GTP state (Fig. 2, A and B ).
Some G-proteins, such as Rac1, have leucine at the position equivalent to Lys 147 in Ras. As occurs with Lys 147 , the long aliphatic side chain of Leu 160 of Rac1 interacts with the guanine moiety of the nucleotide (2, 3) (Fig. 1, C and D) . This suggests that a K147L mutant of K-Ras may retain similar basal activity for wild-type K-Ras. We have observed that nonubiquitinated K147L-K-Ras actually has similar basal affinity to the RBD compared to nonubiquitinated WT-K-Ras (Fig. 2C) , and that the kinetics of EGF-mediated activation of K147L and WT-K-Ras are similar ( fig. S2A ). This suggests that the GDP/GTP cycle of K147L-K-Ras is not affected. The K147L mutant of K-Ras still undergoes monoubiquitination (presumably due to modification at Lys 117 and other sites); however, monoubiquitinated K147L-K-Ras shows a reduced ability to bind to the RBD relative to the mono-ubiquitinated WT-K-Ras. This result indicates that ubiquitination at Lys 147 plays a dominant role in promoting binding to the RBD but does not eliminate the possibility that modification at other sites could also contribute.
Importantly, in addition to K-Ras4B, mono-and di-ubiquitinated forms of the other three Ras isoforms (K-Ras4A, H-Ras and N-Ras) had increased GTP-forms ( Fig. 2D and fig,  S1D ). We have also shown that ubiquitinated H-Ras, like ubiquitinated K-Ras, has increased 32 P-GTP/GDP ratio compared to non-ubiquitinated H-Ras (fig, S1E ). The activation levels of ubiquitinated Ras isoforms were variable, suggesting that each Ras isoform may have a distinctive ubiquitination site, or undergoes isoform-specific regulation, presumably due to differential subcellular localization and/or binding proteins.
Ubiquitinated Ras activates Raf and PI3K more efficiently than non-ubiquitinated Ras
Although the results above indicate that the bulky 8.5 kDa ubiquitin moiety bound to Lys 147 of K-Ras did not interfere with in vitro binding to the RBD domain, they do not address whether ubiquitinated K-Ras is capable of binding and activating endogenous effectors such as c-Raf or PI3K in vivo. To address the effect of K-Ras ubiquitination on its binding to PI3K and Raf family members, either total G12V-K-Ras or the ubiquitinated subfraction of G12V-K-Ras was immunoprecipitated and the immunoprecipitates were probed with antibodies to detect associated Ras effector molecules. Since the majority of G12V-K-Ras is already in the GTP state (Fig. 2, A and B) , any difference observed is likely due to ubiquitination. Surprisingly, endogenous Raf kinases, RalGDS, and the p85 subunit of PI3K were readily detected in the immunoprecipitate of ubiquitinated G12V-K-Ras, despite there being far less mono-ubiquitinated G12V-K-Ras compared to total G12V-K-Ras in the two precipitates ( Fig. 3 and fig, S2 ). K-Ras has been shown to interact with PLCε, Afadin, Calmodulin and Tubulin (1, (24) (25) (26) . We observed that endogenous PLCε, Afadin, Calmodulin and Tubulin co-immunoprecipitated with G12V-K-Ras, however, these proteins were not enriched in the immunoprecipitate of ubiquitinated G12V-K-Ras. This indicates that ubiquitinated G12V-K-Ras does not have a specific affinity toward these proteins, and that ubiquitination of K-Ras results in preferential association with PI3K, Raf and RalGDS family members.
To examine whether the binding of ubiquitinated K-Ras to Raf and PI3K inhibits or can actually enhance their kinase activity, both total G12V-K-Ras and the ubiquitinated subfraction of G12V-K-Ras were purified from cell lysates and subjected to an in vitro kinase (I.V.K.) assay (Fig. 4A) . Even though far less ubiquitinated-K-Ras than total K-Ras was immunoprecipitated, the ubiquitinated K-Ras immunoprecipitate contained comparable PI3K and Raf kinase activities. Sequential dilutions of the total K-Ras fraction to levels similar to that in the ubiquitinated K-Ras precipitate resulted in almost undetectable PI3K and Raf kinase activities. Taken together, these results suggest that ubiquitinated GTP-KRas binds more tightly to activate these effectors than non-ubiquitinated GTP-K-Ras does, or that the ubiquitin moiety plays an additional role in stimulating the activity of the bound effectors.
How does ubiquitination enhance Ras binding to specific effectors? The GST-RBD protein did not preferentially pull down ubiquitinated G12V-K-Ras compared to non-ubiquitinated G12V-K-Ras (fig, S1F ), indicating that the minimal RBD of Raf does not confer specificity for the ubiquitinated form of Ras. We next asked if regions of Raf1 C-terminal of the RBD conferred preferential affinity for ubiquitinated Ras by expressing constructs that included 1-149 (the same region used for the GST-RBD construct), 1-256 and 1-330 of Raf1 as GFP fusions. Ubiquitinated G12V-K-Ras and total G12V-K-Ras were purified from cells expressing the GFP-Raf1 fusion proteins. The total G12V-K-Ras bound to all three Raf constructs (Fig. 4B) , though the Raf1-256 construct was preferentially bound compared to its level of expression, in agreement with previous studies (27) (28) (29) . Remarkably, the ubiquitinated K-Ras bound to the 1-256, 1-330 constructs much more strongly than to the 1-149 construct (Fig. 4B) . These results suggest that the extended region of the RBD substantially increases the affinity for ubiquitinated Ras, possibly through a second contact with a region of Raf C-terminal of the RBD to enhance the association between activated Ras and Raf.
Ubiquitination of K-Ras may change its subcellular localization and elicit signaling at specific subcellular locations as reported recently (11, 12) . To test this possibility, GFPtagged G12V/K147L-K-Ras and RFP-tagged G12V-K-Ras were co-expressed and their intracellular locations were compared by confocal microscopy (fig, S3A ). In general, the G12V/K147L mutant of K-Ras co-localized with G12V-K-Ras at both the plasma membrane and intracellular membranes. However, a small population (< 5%) of cells had intracellular vesicles where only the G12V-K-Ras localized (fig, S3A ). Since the K147L mutant is still ubiquitinated, these results do not address whether ubiquitination in general affects localization. However, they raise the possibility that ubiquitination at Lys 147 occurs in a specific compartment or results in trafficking to a specific compartment where downstream signaling occurs.
To further investigate the impact of Ras ubiquitination on subcellular localization, we examined whether ubiquitinated forms of K-Ras differed from non-ubiquitinated forms in regard to their abilities to be extracted from cells by various concentrations of detergent and salt. The overall pattern of ubiquitinated G12V-K-Ras was very similar to non-ubiquitinated G12V-K-Ras, however fraction seven (1% NP40, 650mM NaCl extract) contained slightly less ubiquitinated K-Ras (fig, S3B ). In contrast, ubiquitinated forms of H-Ras exhibited profound differences from non-ubiquitinated H-Ras in regard to extraction with detergent and salt (fig, S3B ), which is consistent with previous reports (11, 12) . Localization of H-Ras and N-Ras, but not K-Ras, is regulated by palmitoylation (1). Therefore, it is possible that a ubiquitinated-Ras binding protein could restrict access to the residue that is targeted for palmitoylation or inhibit the palmitoylation process, while K-Ras would be refractory to such regulation due to the lack of a palmitoylation site. These results suggest that ubiquitination of K-Ras does not globally affect its localization. However we could not rule out the possibility that these small fractions of ubiquitinated K-Ras play an important role in a site-specific manner.
K147L mutation in G12V-K-Ras reduces its tumorigenic activity
To examine the importance of Lys 147 ubiquitination in Ras tumorigenic activity in vivo, we injected 3T3 cells expressing either G12V-K-Ras as a control or G12V/K147L double mutant K-Ras into the flank of immunocompromised nude mice. The expression levels of the control and the double mutant were comparable, and they did not exceed endogenous Ras levels (Fig. 5A ). G12V/K147L-K-Ras cells were capable of forming tumors in nude mice. However, the volume and weight of G12V/K147L-K-Ras driven tumors was clearly less than that of the G12V-K-Ras driven tumors a week after injection ( Fig. 5B and C) . We further investigated the signaling status in these tumors. The phosphorylation of ERK and AKT were not substantially different in the two tumor types, though a small decrease in AKT phosphorylation was observed (Fig. 5D ). However, due to negative feedback loops that suppress phosphorylation of these proteins, AKT phosphorylation level is not a very quantitative readout of flux through these pathways. We did observe that the G12V/K147L mutant tumors had a decrease in phospho-S6 (~18%), which is known to be downstream of both the PI3K and MAPK pathways and which typically correlates better with signaling downstream of Ras. It is possible, that the subset of cells in the G12V/K147L driven tumors that had very low PI3K and MAPK signaling failed to divide or died, hence explaining the reduced tumor size.
Although non-ubiquitinated G12V-KRas and G12V/K147L-KRas equally interacted with PI3K and Raf1, ubiquitinated G12V/K147L reduced its binding to PI3K but not Raf kinase ( fig. S2B ). This suggests the possibility that ubiquitination of a distinct lysine residue(s) enhances binding to specific effectors, and also that ubiquitination of K147 may not only increase the GTP-form but it also enhances the binding to PI3K, thus activating PI3K/AKT signaling, which contributes to the tumorigenic activity of Ras.
A kinetic Model predicts dynamic Ras ubiquitination
To study the consequences of Ras ubiquitination on directing specific downstream responses to Ras signaling, we calculated a phase map of the fraction of ubiquitinated Ras out of the total amount of Ras in its GTP-bound form as a function of the relative enzymatic activities of ubiquitination and de-ubiquitination. As shown in Fig. 6A , it is predicted that changes in ubiquitination activity affect signal discrimination nonlinearly such that small changes in ubiquitination activity can lead to large disproportional changes relative to the change in ubiquitination activity. This observation predicts that there are likely scenarios in different cellular contexts in which the relative amount of ubiquitination is more abundant. Furthermore, it is also predicted that small changes in deubiquitinating enzyme activity could lead to a disproportionate amount of enhanced effector signaling through the PI3K/ AKT and Raf/ERK pathways. This model predicts cellular heterogeneity in signaling and is consistent with the observation that the G12V/K147L-K-Ras driven tumors are smaller and that the subset of cells that persist in these tumors have Ras pathway signaling that is not very different from that in the G12V-K-Ras driven tumors.
DISCUSSION
Ubiquitination is a dynamic, reversible modification conserved among all eukaryotic cells. Our present study has shed light on novel functions for ubiquitin, namely its capacity to increase the GTP-form of Ras as well as to increase the affinity of GTP-loaded Ras to certain effectors. We propose that once ubiquitination occurs on Ras at Lys 147 , it enhances GDP/GTP exchange of Ras and increases the fraction of Ras in the GTP-form (Fig. 6B) . The mechanism by which this occurs is not yet clear, but it is likely that ubiquitination at Lys 147 enhances the release of GDP, since this residue directly binds to the guanine moiety of GDP and certain mutations at Lys 147 also enhance K-Ras activation (Fig.1E) . It is also possible that ubiquitination of Lys 117 increases Ras GDP/GTP exchange, as Lys 117 is also a critical residue for guanine recognition by Ras. In addition to its effect on GTP binding, ubiquitination of Ras also causes an enhanced interaction with the downstream effectors Raf, RalGDS and PI3K. Thus, although we were only able to precipitate a small amount of ubiquitinated G12V-K-Ras from cells, the amount of PI3K and Raf bound to this minor fraction was comparable to that bound to total G12V-K-Ras.
Ubiquitination of K-Ras is evolutionarily conserved, since Drosophila Ras, which is an orthologue of mammalian K-Ras, undergoes mono-and di-ubiquitination (30, 31) . We found that endogenous K-Ras and H-Ras undergo mono-and di-ubiquitination in both HEK293T cells (Fig.1A ) and U2OS cells (in preparation). However, ubiquitination of K-Ras was not detected in CHOK1 cells (11) raising the possibility that the E3 ligase that mediates K-Ras ubiquitination is not expressed in all tissues. Rabex5 specifically ubiquitinates H/NRas (12), but the E3 ligase(s) responsible for ubiquitinating K-Ras at Lys 147 and Lys 117 remain to be determined. It is possible that Rabex5-mediated Ras ubiquitination occurs at residues other than Lys 147 and Lys 117 , and this phenomenon abrogates Ras activity. Thus it is likely that differential expression or regulation of RasE3-ligases and deubiquitinating enzymes (DUBs) may control Ras ubiquitination to promote degradation, translocation or activation of specific Ras isoforms in specific tissues.
Our result ( fig. S1 ) shows that T35A-mutant of K-Ras, which cannot bind to downstream effectors, still undergoes ubiquitination at a comparable level to wild type K-Ras. In addition, it has been shown that G12V-H-Ras and dominant negative S17N-H-Ras are ubiquitinated (11) . These indicate that Ras ubiquitination occurs independently of its activity. However there are likely several Ras ubiquitination mechanisms as described above, which include the Ras activity dependent ubiquitination pathway (12) .
Our results raise a number of important questions. What is the E3 ligase responsible for monoubiquitination at Lys 147 , what is the deubiquitinating enzyme and are these enzymes regulated by any growth factor signaling pathways? Are mono-ubiquitination and activation of Ras ultimately linked to polyubiquitination and degradation of the same protein? We hypothesize that Ras stability varies in different cell types and cell contexts and this most likely depends on the balance between Ras-E2/E3-ligase and de-ubiquitinating enzyme activity (Fig. 6B) . Finally, what fraction of total PI3K activation or total Raf activation in cells is a consequence of this mechanism? Is Ras ubiquitination involved in Ras addiction and in synthetic lethality? In any event, the small fraction of ubiquitinated K-Ras observed appears to account for a significant amount of the bound PI3K and Raf, raising the possibility that pharmaceutical disruption of this ubiquitination pathway could be beneficial in treating cancers with Ras mutations or other cancers where Ras activation is driving tumor growth and survival. 
Materials and Methods
Materials
GST-RBD pull-down assay
Ras activation was measured as described previously (23) . Briefly, cells were rinsed with cold PBS and lysed with Buffer A; 0.5 %NP-40, 40 mM HEPES [pH 7.4], 150 mM NaCl, 10 % glycerol, 1 mM DTT, 1 µg/ml leupeptin, 2 µg/ml aprotinin, 1 µg/ml pepstatin A, 100 µM AEBSF, and Halt phosphatase inhibitor cocktail (Thermo Scientific.) The soluble fraction of cell lysates were isolated by centrifugation at 14,000 rpm for 10 min and incubated with 10 µg of GSH-Sepharose bound GST-RBD in the presence of 1 mg/ml BSA for 30 min. For the ubiquitinated Ras assay, Flag-His-tagged K-Ras was co-expressed with HA-ubiquitin into HEK293T cells. The cells were lysed with Buffer A containing 10 mM iodoacetamide (IAA) and 5mM N-ethylmaleimide (NEM) and were split and subjected to anti-Flag agarose immunoprecipitation and the GST-RBD assay. The immunoprecipitated and pull-downed proteins were washed three times with Buffer A and eluted by the addition of 8M urea and further subjected to Co 2+ Talon metal affinity chromatography (Clontech) to detect clear ubiquitinated Ras signal. The Flag-His-tagged Ras was eluted with sample buffer containing 50mM EDTA.
In vitro kinase assays
HA-ubiquitin and Flag-G12V-K-Ras transfected cells were rinsed with cold PBS and lysed with Buffer A containing 10 mM IAA and 5 mM NEM, and immunoprecipitated with agarose-conjugated anti-Flag (M2) antibody (Sigma). Immunoprecipitates were washed three times with Buffer A and once with Buffer B: 20 mM HEPES (pH7.4), 25 mM β-glycerol phosphate, 0.5 mM EGTA, 1mM sodium vanadate, and 1 mM dithiothreitol. The total Flag-K-Ras was obtained by elution with 100 µg/ml 3×Flag peptide in Buffer B (Sigma). To purify ubiquitinated K-Ras, the purified total K-Ras was incubated with anti-HA agarose (Sigma) for 1h and then washed three times with Buffer A and once with Buffer B. The Raf kinase assay was performed using GST-MEK and GST-ERK2 (Upstate biotechnology) as substrates in Buffer B containing 10 µCi of [γ-32P ] ATP, 100 µM cold ATP, and 25 mM magnesium chloride for 10 min at room temperature. Reaction products were resolved by SDS-PAGE, and phosphorylated GST-MEK1 and GST-ERK2 were analyzed by autoradiography. The 
Measurement of GTP and GDP in Ras by TLC or HPLC
WT or G12V mutant Flag-Ras was co-transfected with HA-ubiquitin into HEK293T cells. The cells were labeled with [ 32 P]-inorganic phosphate, and total Flag-Ras and ubiquitinated Flag-Ras were purified as above. For TLC, the beads were incubated with elution buffer (0.2% SDS, 5mM DT, 1mM GDP, 1mM GTP, 2mM EDTA) and the eluted samples were spotted on PEI cellulose, 100 micron, 20 × 20 cm (Selecto Scientific, Inc.) and developed in 0.75M KH 2 PO 4 (pH 3.4). The GTP and GDP level were quantified with a phosphoimager (Molecular Dynamics, STORM840). For HPLC analysis, the beads were incubated with PBS containing 50 mM HClO 4 , and the nucleotide containing fraction was purified by mixed phase extraction employing 11.75:13.25 (vol/vol) of tri-n-octylamine (Sigma) and Freon 11 (Sigma). HPLC was performed using Agilent Technology 1200, a Zorbax Rx-C8 column (4 × 250 mm), buffer C; 50mM KH 2 PO 4 , 8mM tetrabutylammonium hydrogen sulfate (TBAS), and 40 % (vol/vol) acetonitrile at pH 5.8, Buffer D; 50 mM KH 2 PO 4 , 8 mM TBAS at pH 5.8. The radioactive samples were co-injected with standard cold 30 µM of GTP, GDP, and ATP (Sigma). 32 P-GTP and -GDP signals were detected by Packard Radiomatic Flo-one Beta Radioactive Flow Detector, and standard nucleotides were detected spectrophotometrically.
Tandem Mass Spectrometry Analysis
His-ubiquitin and Flag-K-Ras or Flag-H-Ras were transfected into HEK293T cells. Cells were rinsed with PBS and directly lysed with 8M urea and subjected to Co 2+ Talon metal affinity purification (Clontech). The beads were washed with urea of 8, 6, 4, 2, 1, 0.5, 0.25, and 0.15 M sequentially. His-ubiquitinated proteins were purified with Buffer A containing 10 mM NEM and 50 mM EDTA, and ubiquitinated-Ras proteins were further purified with the anti-Flag agarose. Samples were prepared from SDS-PAGE gels, stained with Coomassie blue and excised for mass spectrometry sequencing and ubiquitin site mapping. Gel pieces were reduced with DTT, Cys residues were alkylated with iodoacetamide and digested overnight using modified trypsin (Promega) at 37°C at pH 8.3. Peptides were extracted and analyzed by data-dependent microcapillary tandem mass spectrometry (LC/ MS/MS) using both linear ion trap (Thermo Scientific, San Jose, CA) and a high resolution/ mass accuracy hybrid linear ion trap LTQ-Orbitrap XL mass spectrometer (Thermo Scientific, San Jose, CA) coupled to an EASY-nLC nanoflow HPLC (Proxeon Biosystems). MS/MS spectra acquired via collision-induced dissociation (CID) were searched against the reversed and concatenated Swiss-Prot protein database (v. 55.8, UniProt) with a fixed modification for carbamidomethylation (+57.0293) and the variable modifications for oxidation (+15.9949) and ubiquitination (+114.10, GG tag) using the Sequest algorithm in Proteomics Browser Software (Thermo Scientific). Peptides from K-Ras and H-Ras and were identified by database scoring and peptides modified by ubiquitin were validated manually to be sure that all b-and y-series ions were consistent with the modified residue and additional validation was performed using GraphMod software in Proteomics Browser Software (Thermo Scientific). The peptide false discovery rate (FDR) was less than 1.5% based on reversed database hits.
Xenograft assay
7 million NIH-3T3 cells expressing either G12V-K-Ras or G12V/K147L-K-Ras were injected with matrigel HC (BD Pharmingen) into the flank of Nude mice. Tumors were measured at days 5, 6 and 7 after injection. At day 7, mice were euthanized and tumors were harvested, weighed, and processed for analysis.
Confocal microscope analysis
Confocal images were obtained by using CSU10 spinning disk confocal (Yokogawa) on a Nikon Ti inverted microscope with a 63×/1.4 objective using an ORCA-AG cooled CCD camera (Hamamatsu). The images were acquired and analyzed by MetaMorph.
Statistics
Statistical analysis was performed by ANOVA with a post-hoc analysis using the StudentNeuman-Keuls test. Differences were considered significant when the P value was less than 0.05.
Structural analysis
Structural alignments and visualization of H-Ras (2CE2) and Rac1 (1MH1) were created using the program PyMOL (http://pymol.org/).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (A and B) Ubiquitination of K-Ras increases its GTP-form. WT-K-Ras, G12V-K-Ras, and ubiquitinated WT-K-Ras were purified from 32 P-phosphate labeled cells and the relative quantities of 32 P-GTP and 32 P-GDP co-purifying with each Ras species was determined by TLC (A) and HPLC (B). (C) Ubiquitination at Lys 147 increased the binding of WT K-Ras to the RBD. Either Flag-His-tagged WT-K-Ras or K147L-K-Ras mutant were co-expressed with HA-tagged ubiquitin in HEK293 cells. The Ras proteins were either immunoprecipitated with an anti-Flag antibody or were pulled down with GST-RBD. Each precipitate was then dissolved in 8 M urea and further purified on a Co 2+ affinity column to eliminate the antibody and GST-RBD contamination. Western blots with anti-Flag and anti-HA antibodies revealed the relative fraction of total K-Ras and that of the monoubiquitinated K-Ras species. GST-RBD was more efficient than anti-Flag antibody in precipitating the mono-ubiquitinated WT-K-Ras but was less efficient in precipitating the mono-ubiquitinated K147L mutant of K-Ras (upper panels). In contrast, GST-RBD was far less efficient than anti-Flag antibody in precipitating the non-ubiquitinated forms of both WT-K-Ras and K147L-K-Ras. These results are representative of two separate experiments. (D) Mono-and di-ubiquitinated Ras isoforms increased in their GTP-forms. Flag-Histagged wild-type H-Ras, N-Ras, and K-Ras4A were expressed with HA-ubiquitin and analyzed as described in C. These results are representative of two separate experiments. The total Flag-G12V-K-Ras and ubiquitinated K-Ras were precipitated as described in Fig. 3 and the relative quantity of the three deletion mutants was determined by western blotting with anti-GFP antibody. Total G12V-K-Ras bound all three Raf deletion mutants similarly while the ubiquitinated Raf preferentially bound to the two larger deletion mutants. A blot is representative of two separate experiments. (A) Kinetic Model of Ras ubiquitination. The computational analysis suggests that, while small in our observations, the fraction of ubiquitinated Ras that affects cellular processes can be regulated by small changes in the rates ubiquitination and deubiquitination (detailed in the Supplemental information section). (B) Model for ubiquitin-mediated Ras regulation. The level of GTP and GDP Ras is regulated by GEFs and GAPs. In addition, our results suggest that ubiquitination of GDP-Ras at Lys 117 or Lys 147 induces GTP-loading. Also ubiquitination can directly occur on GTP-Ras. Ubiquitinated GTP-Ras interacts with specific effectors, such as Raf, PI3K and RalGDS, to modulate signaling. Ubiquitinated GTP-Ras could be reverted to non-ubiquitinated GTP-Ras by deubiquitinating enzymes (DUBs).
